The heat capacity, coupled with the heat of hydration data obtained from isothermal calorimetry for a given Saltstone mix, can be used to predict the maximum temperature increase in the cells within the vaults of the Saltstone Disposal Facility (SDF). The temperature increase controls the processing rate and the pour schedule. The maximum temperature is also important to the performance properties of the Saltstone. For example, in mass pours of concrete or grout of which Saltstone is an example, the maximum temperature increase and the maximum temperature difference (between the surface and the hottest location) are controlled to ensure durability of the product and prevent or limit the cracking caused by the thermal gradients produced during curing.
This report details the development and implementation of a method for the measurement of the heat capacities of Saltstone mixes as well as the heat capacities of the cementitious materials of the premix and the simulated salt solutions used to batch the mixes. The developed method utilizes the TAM Air isothermal calorimeter and takes advantage of the sophisticated heat flow measurement capabilities of the instrument. Standards and reference materials were identified and used to validate the procedure and ensure accuracy of testing.
Heat capacities of Saltstone mixes were ~ 55 % higher than the previous measurement of specific heat capacity on a reference Saltstone mix in 1997. Values of mixes prepared using Deliquification, Dissolution and Adjustment (DDA), Modular Caustic Side Solvent Extraction Unit (MCU) and Salt Waste Processing Facility (SWPF) simulants and premix at 0.60 w/cm ratio were ~ 1.95 J/g/ o C and were equivalent within experimental error. The simple law of mixtures was used to predict the heat capacities of the Saltstone and the results were in excellent agreement with experimental data. This simple law of mixtures can therefore be used to predict the heat capacities of Saltstone mixes in those cases where measurements have not been made.
The time dependence of the heat capacity is important as an input to the modeling of temperature increase in Saltstone vaults. The heat capacity of a mix of MCU and premix at 0.60 w/cm ratio was measured immediately after initial mixing and then periodically up to times greater than 100 days. Within experimental error, the heat capacity did not change with time. Therefore, the modeling is not complicated by requiring a time dependent function for specific heat capacity.
The water to cementitious material (w/cm) ratio plays a key role in determining the value of the heat capacity. Both experimental and predictive values for SWPF mixes as function of the w/cm ratio were obtained and presented in this report.
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Rev. 0 vi Predictions of the maximum temperatures of the Saltstone mixes were made using the heat of hydration data from previous isothermal measurements and the newly measured heat capacities for DDA, MCU and SWPF mixes. The maximum temperature increase ranged from 37 to 48 °C for these mixes. The presence of aluminate at 0.33 M produced a temperature increase of 68 °C which is close to the adiabatic temperature rise of 74 °C observed by Steimke and Fowler in 1997 for a mix containing 0.35 M aluminate. Aluminum dissolution of the sludge will increase the aluminate in the DSS which in turn will result in a larger temperature increase in the Saltstone vaults during the curing period.
The initial temperature of the Saltstone mixes in the Saltstone Production Facility (SPF) can be predicted using the specific heat capacities of Decontaminated Salt Solutions (DSS), the specific heat capacities of cementitious materials, and the initial temperatures of the DSS and the premix. This initial mix temperature is dominated by the DSS temperature due to its high heat capacity relative to the cementitious materials. Therefore, controlling the initial temperature of the DSS to lower temperatures will lead to lower maximum temperatures in the vault for a given batch of Saltstone.
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INTRODUCTION
One of the goals of the Saltstone variability study is to identify (and quantify the impact of) the operational and compositional variables that control or influence the important processing and performance properties of Saltstone grout mixtures [1] [2] . The heat capacity of the Saltstone waste form is one of the important properties of Saltstone mixes that was last measured at SRNL in 1997 [3] . It is therefore important to measure the heat capacity of Saltstone mixes using the currently projected batches for decontaminated salt solution (DSS). It is also important to develop and implement a core competency for rapid and accurate analysis of the specific heat capacity of the Saltstone mixes in order to quantify the impact of compositional and operational variations on this property as part of the variability study.
The heat capacity of a Saltstone waste form (or any material) is a quantitative measure of the amount of heat required to raise the temperature of the material. In thermodynamics, the heat capacity is defined as dQ/dT at a given temperature and is an intensive property (i.e., mass dependent). To convert this measure to a more usable form, the specific heat capacity for a material has been defined as the amount of heat required to raise the temperature of 1 gram of the material 1 degrees C. For example, it requires 4.184 J (1 calorie is equal to 4.184 J) to raise the temperature of 1 gram of water 1 °C. In this report the term specific heat capacity will be used interchangeably with the term heat capacity and will be designated as C p .
The heat capacity and the heat of hydration (from isothermal calorimetry) for a given Saltstone mix can be used to predict the maximum temperature increase in the cells within the vaults of the Saltstone Disposal Facility (SDF). The temperature increase controls the processing rate and the pour schedule [4] . The maximum temperature is also important to the performance properties of the Saltstone. For example, in mass pours of concrete or grout of which Saltstone is an example, the maximum temperature increase and the maximum temperature difference (between the surface and the hottest location) are controlled to ensure durability of the product and prevent or limit the cracking caused by the thermal gradients produced during curing [5] .
This heat capacity has taken on increased importance recently due to the initiation of a formulation development task for improving the performance properties of Saltstone. In order to achieve improved performance, some of the grout formulations being considered will not only increase the amount of heat of hydration per gram of grout but may also change (and in most cases reduce) the heat capacity of the resultant mix. It turns out that a reduction in heat capacity leads to a larger temperature increase within the vault for a given heat of hydration, a scenario which reduces the processing rate. Consideration of all of the impacts of changes in formulation must be included in decision making prior to adopting new formulations, This report details the development and implementation of a method for the measurement of the heat capacities of Saltstone mixes as well as the heat capacities of the cementitious materials of the premix and the simulated salt solutions used to batch the mixes. The developed method utilizes the TAM Air isothermal calorimeter [6] and takes advantage of the sophisticated heat
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The simple law of mixtures can be used to predict the specific heat capacity for the fresh Saltstone mixes. In this method, the predicted initial specific heat capacity of a Saltstone mix is given by Equation 1
(1) C p (fresh paste) = C p (dss)*Mf dss + C p (pm)*Mf pm where Mf dss and Mf pm are the mass fractions of the decontaminated salt solution and the premix respectively and the C p 's are specific heat capacities of the starting materials and the initial fresh mix (referred to as fresh paste). This method has been used successfully to predict the specific heat capacities for portland cement in water mixes by D. Bentz of NIST [7] . Application of this predictive method to Saltstone mixes requires as input the heat capacities of the salt solutions and the cementitious materials. These heat capacity values were obtained using the method developed and presented in this report.
Steimke measured the specific heat for the then "Reference Saltstone" mix in 1997 and obtained a value of 0.304 calories/degree/ gram (equivalent to 1.27 J/g/°C) [3] . The calculations using the simple law of mixtures and the measurements for specific heat presented in this report both reveal that the specific heat capacities of Saltstone mixes are greater than this previously reported value by ~ 55 %. The 55 % increase is significant in calculating the expected temperature rise of Saltstone in the SDF as will be detailed in the report.
The initial temperature of the Saltstone mixes in the Saltstone Production Facility (SPF) can be predicted using the specific heat capacities of Decontaminated Salt Solutions (DSS), the specific heat capacities of cementitious materials, and the initial temperatures of the DSS and the premix. An example of this approach is provided in this report and demonstrates the temperature of the initial mix is controlled mainly by the initial temperature of the salt solution.
EXPERIMENTAL
Materials
The cementitious materials were obtained from Saltstone in 5 gallon containers and are listed in Table 2 -1. These materials were specified in a contract for Saltstone cementitious materials and arrived with the delivery of the cementitious materials to Saltstone. The materials were transferred to smaller plastic bottles at Aiken County Technology Laboratory (ACTL) and tightly sealed. Maintaining these materials in a tightly sealed container limits the exposure of the materials to humid air. Table 2 -1 also contains the wt% contribution of each material used to make the premix.
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Measurement of Specific Heat Capacity
A method was developed for the measurement of C p using the heat flow sensing capability of the TAM Air Isothermal Calorimeter. Figure 2-1 shows the schematic of the twin cell calorimeter where both cells are maintained at a selected temperature (for these experiments, the temperature was set at 25 °C). Under normal operation for measurement of the heat of hydration, the sample ampoule is loaded with a fresh grout mix, placed in the sample channel, and the heat flow to the primary heat sink detected by the differential heat flow signal (using Seebeck sensors) between the sample and reference ampoules. Normally, the temperature of the grout mix introduced into the sample ampoule is different from the 25 °C temperature of the bath. For this reason, there is a 45 minute period in which thermal equilibration is established prior to initiating data collection. Although the hydration data for this 45 minute period is not captured, the amount of heat produced from cementitious materials hydration over this 45 minute period is generally not significant compared to the total heat generation over days or weeks.
The approach taken for measurement of C p in this study was to intentionally heat the sample in the sample ampoule to a known temperature, emplace the ampoule into the calorimeter, and then measure the heat flow as the sample thermally equilibrates. The integral of the heat flow gives the total heat in Joules released from the sample ampoule. For example, an ampoule with 20 grams of water was heated to 35 °C and immediately placed within the calorimeter. The amount of heat flow measured from the sample ampoule to the calorimeter during the equilibration phase will equal the amount of heat required to raise 20 grams of water 10 °C above the set temperature of 25 °C. The specific heat capacity for water can then be calculated from the total heat transferred (after subtracting the amount of heat associated with the empty plastic ampoule) by dividing first by 20 (number of grams) and then by 10 (number of °C).
Experiments were performed to measure the C p of water using different amounts of water and different final temperatures to which the sample was heated. Testing showed that heating the sample to a temperature of 35 °C and introducing a mass of water equal to ~ 10 grams provided reasonable experimental conditions as well as excellent results for C p of water (4.11 J/g/°C measured vs. the literature reference value of 4.18 J/g/°C).
A standard was selected with a C p value relatively close to that expected for the Saltstone mixes that would be measured each time a series of samples are measured. There are eight channels available on the TAM Air calorimeter. Therefore, a maximum of 8 samples can be run at the same time depending upon other ongoing experiments with the calorimeter. Ethanol was selected as the standard with a known C p of 2.44 J/g/°C. An example of the response for ethanol is provided in Figure 2 -2. The heat flow curve shows an immediate flow of heat from the sample ampoule to the calorimeter heat sink which peaks after several minutes and then continues to decrease until thermal equilibration is reached (in this case a time of ~ 45 minutes). The response time constant of the calorimeter is on the order of several minutes so the kinetics of the actual heat flow are not accurately captured in this test. However, the integral of the heat flow, the thermodynamic total amount of heat released, is captured accurately and it is this value that is used for measurement of C p .
In Figure 2 -2, the total amount of heat released during thermal equilibration was 320. The method for measurement of C p is provided below.
RESULTS AND DISCUSSION
Specific Heat Capacity of Saltstone Cementitious Materials and Simulants
In order the predict the C p of Saltstone mixes using the simple law of mixtures, it was first necessary to measure the C p 's of the cementitious materials and the simulants used to batch these Saltstone mixes. The results are presented in Table 3 .1. The measured value of C p for the reference water sample of 4.11 J/g/°C was in excellent agreement with the literature value of 4.18 J/g/°C [8] . The C p values for ethanol used as the standard ranged from 2.35 to 2.45 J/g/°C, again in excellent agreement with the literature value of 2.44 J/g/°C [8] .
The composite C p of the nominal premix (45 % Blast Furnace Slag (BFS), 45 % Fly Ash (FA) and 10 % Ordinary Portland Cement (OPC)) was calculated by multiplying the mass fraction of each cementitious material by the corresponding C p for each component and then summing the three components. This leads to a composite C p for the premix of 0.78 J/g/°C.
The presence of high levels of dissolved salts in the simulants (which is also the case for the radioactive DSS) reduces the C p 's of the solutions by approximately 17 % relative to water. In general, the C p 's of salt solutions decrease with increasing salt concentration. This trend was observed for the three simulants with DDA containing the lowest concentration of salts and MCU containing the highest concentration of salts.
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Prediction of Specific Heat Capacity of Saltstone Mixes
The C p 's for Saltstone grouts were predicted using the simple law of mixtures. Using Equation 1, the C p values for Saltstone grouts were predicted for each of the three simulants (DDA, MCU, and SWPF) at a 0.60 w/cm ratio and the results are provided in Table 3 -2. The measured values for these three mixes are also provided in Table 3 -2 and are in excellent agreement with the predicted values. These C p values are considerably higher than the value of 1.25 J/g/°C reported in 1997 for the Saltstone mix prepared using the "reference Saltstone" formulation [3] . As discussed later, the higher values of C p measured in this report lead to significant differences in the predicted temperature changes in the Saltstone Vaults when using isothermal heats of hydration and the newly measured C p 's.
Impact of w/cm Ratio on the Predicted and Measured C p 's
The impact of w/cm ratio on the C p was determined for SWPF mixes at 0.45, 0.60 and 0.65 w/cm ratios. The predicted and the measured values for C p are presented in Table 4 -3 and again are in excellent agreement. The magnitude of the predicted range from 1.78 to 2.01 J/g/°C is significant and demonstrates that higher w/cm ratios will lead to higher heat capacities and correspondingly lower temperature increases in grout mixes for a given heat of hydration value. Conversely, as new formulations are developed to improve performance properties, the w/cm ratio may decrease which in turn will increase the temperature in the vault for a given heat of hydration. Figure 3-1 shows the predicted dependency of C p on w/cm ratio using the simple law of mixtures. The predicted heat capacities using the simple law of mixtures correspond to the freshly prepared grout mixes immediately after mixing. For example, in the case of OPC in water mixes, the prediction of C p corresponds well with the initial measurement [7] . However, the C p then decreases slightly with time as the hydration reactions of OPC take place. Although there is significant variation in the results from different laboratories, in general, the reduction in heat capacity is on the order of 10 to 20 % [7] . Thus, it was important to determine the magnitude of change in C p as a function of time for Saltstone mixes.
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In order to determine the change in C p as a function of curing time for Saltstone mixes, an MCU mix at 0.60 w/cm ratio was batched and the C p measured as a function of time. During the early stages of hydration, the heat of hydration contributed to the signal used to measure the C p . Therefore, a subtraction of the amount of heat generated by the hydration reactions over the time span of the measurement (typically between 1 to 1.5 hours and with values in the range of 10 to 30 J) was performed to correct the value of heat capacity. The results of the time dependence test are provided as a graph in Figure 3-2 and show that the C p does not change significantly as a function of time (the > 90 day C p of MCU mix included in the Figure 3 -2 was 1.98 J/g/°C as measured on an equivalent but different batch of MCU/premix grout).
Rev. 0 The fact that the C p does not decrease with time as observed with OPC in water mixes may be due in part to the fact that the degree of hydration in Saltstone mixes is only 30 to 40 percent compared to ~ 100 % degree of reaction observed with OPC water mix.
Impact of Aluminate on C p
It has previously been demonstrated that the presence of aluminate ions in the salt solution increased the amount of heat generated per gram of grout sample [9] . Because the temperature increase for Saltstone in the vaults will also depend on the C p , it is also important to determine the dependence of C p as a function of aluminate concentration. Table 3 -4 presents this data and shows that the measured and predicted values of heat capacity do not change over the aluminate concentration range covered in these tests.
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Maximum Temperature Increase
The C p and heat of hydration data (obtained from isothermal calorimetry) for a mix can be combined to calculate the adiabatic temperature increase of the mix. The adiabatic temperature increase is the maximum temperature increase of the grout that would result from the hydration reactions if there were no pathway for loss of heat from the grout. In that sense it is a conservative determination of the maximum temperature increase in the Saltstone Vaults. In practice, the heat of hydration and C p data are used as input into a model that accounts for heat losses and consequently, a more realistic temperature increase in the vaults [4] . Figure 3 -3 shows the maximum temperature rise for a premix DDA mix at a 0.60 w/cm ratio. The starting temperature was assumed to be 25 °C. This graph was generated using heat of hydration data generated isothermally at 25 °C. At higher temperatures, the reactions occur at a faster initial rate but reach the same heat output up to 55 °C, which was the maximum temperature we tested with isothermal calorimetry. As discussed earlier, the fresh paste for this mix has an initial C p of 2.05 J/g/°C which is reduced in value to 1.80 J/g/°C as it cures. Therefore, the two predicted curves bound the adiabatic temperature increase for this mix. Table 3 -5 presents a summary of the results of the calculated maximum adiabatic temperatures for a variety of mixes. Both DDA and MCU mixes produce less heat than the SWPF mix. As previously reported, aluminate in SWPF mixes increases the final temperature of the mixes. The Delta T for each mix and a final temperature calculated based on an initial temperature of 25 °C are provided in Table 3 -5. 
Prediction of Fresh Mix Temperature in the SPF
The maximum temperature increase of Saltstone in the vaults obviously depends on the initial mix temperature in the SPF. This initial mix temperature can be calculated if the temperature and the specific heat capacities of the premix and the DSS are known. This report has provided the C p 's of the premix (and individual components) and the DSS simulants so, if the DSS and premix temperatures are known, the initial temperature of the mix can be predicted. For example, if the initial temperature of the DSS is 20 °C and the premix is 40 °C, the initial mix temperature is 24.3 °C. Thus, the temperature of the DSS, with its high C p , is the major determinant of the initial mix temperature.
CONCLUSIONS
Specific heat capacity is an important property of Saltstone mixes which along with the isothermally measured heat of hydration controls the maximum temperature increase of Saltstone in the vaults. The heat capacity, like other properties of Saltstone is dependent on the composition of the DSS, mix formulation, and operational variation. It is therefore, important to have an in house method available for measuring heat capacity accurately, quickly and inexpensively for the variability study where a large number of samples will be generated and tested.
Conclusions from this study are:
• A method was developed and implemented for measurement of the specific heat capacity of Saltstone mixes and components (DSS simulants and cementitious materials) • Heat capacities of Saltstone mixes were ~ 55 % higher than a previous measurement on a reference Saltstone mix in 1997 [3] . Values of mixes prepared using DDA, MCU and SWPF simulants and premix at 0.60 w/cm ratio were ~ 1.95 J/g/°C and were equivalent within experimental error.
• The simple law of mixtures was used to predict the heat capacities of the Saltstone and the results were in excellent agreement with experimental data. This simple law of mixtures can therefore be used to predict the heat capacities in those cases where measurements have not been made.
• The w/cm ratio plays a key role in determining the value of the heat capacity. Both experimental and predictive values for SWPF as function of w/cm were obtained and presented.
• The time dependence of the heat capacity is important as an input to the modeling of temperature increase in Saltstone vaults. The heat capacity of a mix of MCU and premix at 0.60 w/cm ratio was measured immediately after initial mixing and then periodically up to times greater than 100 days. Within experimental error, the heat capacity did not change with time.
• Maximum predicted temperatures of the Saltstone mixes were made using the heat of hydration data and the heat capacity for DDA, MCU and SWPF mixes. The temperature increase ranged from 37 to 48 °C for these mixes.
• Aluminate at 0.33 M revealed a temperature increase of 68 °C which is close to the adiabatic temperature rise of 74 °C observed by Steimke and Fowler in 1997 for a mix containing 0.35 M aluminate [3] .
• Aluminum dissolution of the sludge will increase the aluminate in the DSS which in turn will result in a larger temperature increase in the Saltstone vaults.
• The measurement of specific heat capacities of DSS simulants and the cementitious materials allows for calculation of the initial temperature of the mix knowing the initial temperatures of the DSS and the premix. Controlling the initial temperature of the mix to lower temperatures will lead to lower maximum temperatures in the vault
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PATH FORWARD
A second important input into the model used for predicting temperature increase in the Saltstone Vaults is the thermal conductivity (k). The loss of heat from Saltstone in the vault depends on thermal conductivity with greater values of k leading to greater rates of heat loss. Preliminary analysis indicates that the values of k for the Saltstone mixes most likely are within the range of 0.75 to 1.0 W/m-°C. The current value used in the modeling effort at SRS is 1.0 W/m-°C as determined by Steimke and Fowley in 1997 [3] . A sensitivity study of the Vault temperature model over this range of k would reveal whether or not new measurements of k should be performed for grout formulations. Similarly, a sensitivity study to changes in heat of hydration data (in this case both the heat produced and the C p ) is also important.
